Introduction {#sec1}
============

Modularity is a key driver of biological complexity, whereby nature employs a limited set of building blocks to create strikingly diverse machines and materials. Hence, a prominent goal of synthetic biology and nanotechnology is to use biological or biomimetic building blocks (e.g., DNA or RNA, proteins, peptides, foldamers) in new structural contexts to construct self-assembled systems with properties that complement or surpass those produced by evolution. The emergence of the field of bio-nanotechnology has largely been fueled by the high fidelity of Watson--Crick base-pairing interactions, which have enabled the fabrication of DNA and RNA assemblies with complex structures that extend far beyond the natural scope of nucleic acids (NAs).^[@ref1]−[@ref7]^ However, the inherent functional properties of these assemblies are restricted by the limited chemical scope of NAs. In parallel, there have been considerable efforts toward the design of artificial protein assemblies,^[@ref8]−[@ref13]^ aiming to take advantage of the chemical and structural versatility of proteins. Synthetic protein assemblies have become sophisticated in terms of their architectures and functional attributes,^[@ref14]−[@ref17]^ yet they still lack the facile structural programmability of NA-based assemblies. The complementary advantages and limitations of NA and protein building blocks prompt the obvious question: can proteins and NAs be combined modularly to form well-defined supramolecular assemblies?

Natural nucleoprotein assemblies such as ribosomes,^[@ref18]^ telomerases,^[@ref19]^ nucleosomes,^[@ref20]^ and gene-editing complexes^[@ref21]^ are inspiring examples in which protein and NA components are integrated into highly intricate yet monodisperse architectures. The disparate and nonuniform structures of these hybrid architectures highlight the complexity of the problem in hand: chemically and structurally, NAs and proteins are vastly dissimilar polymers, and there are no universal rules that dictate the interactions between them. In fact, synthetic approaches to create NA--protein hybrid architectures have generally relied on the immobilization of oligonucleotide-functionalized proteins or consensus NA-recognizing peptide sequences onto NA scaffolds^[@ref22]−[@ref27]^ or the modification of proteins with long oligonucleotide chains to enable their self-assembly via base-pairing interactions.^[@ref28]−[@ref30]^ While these strategies are effective for the spatial organization of protein units, the resulting architectures are mostly dominated by the NA components in terms of composition and mode of self-assembly, and unlike natural nucleoproteins, they possess little synergy involving protein--protein or protein--NA interactions. Recently, a hybrid system consisting of an engineered homodimer of a DNA-binding protein and cognate double-stranded DNA (dsDNA) sequences was reported,^[@ref31]^ but the resulting assemblies were limited to linear fibers devoid of substantial structural order.

Results and Discussion {#sec2}
======================

Design and Self-Assembly of DNA--Protein Chimeras {#sec2.1}
-------------------------------------------------

In this study, we set out to create a synthetic nucleoprotein system whose self-assembly is governed by a cooperative interplay of protein- and DNA-mediated interactions. As the protein component, we chose RIDC3 (an engineered variant of the monomeric, four-helix bundle protein cytochrome *cb*~562~, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a) which can self-assemble in a chemically tunable fashion into 1-, 2-, and 3D crystalline arrays through a combination of designed Zn^2+^-mediated and non-covalent interactions.^[@ref12]^ RIDC3 was modified with a single cysteine residue at position 21 (C21) on a surface loop to enable covalent conjugation to single-stranded (ss) DNA sequences ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a).^[@ref32]^ We selected the DNA components to be (a) short, (\<15 bases, melting temperatures (*T*~m~) of 30 °C or below) such that they would approximately match the dimensions of the protein component and yield weak base-pairing interactions to promote self-assembly under thermodynamic control, and (b) non-self-associating, such that self-assembly is heterogenic, requiring two DNA--protein chimeras with complementary sequences.

![Design of RIDC3--10a/b. (a) Schematic of RIDC3--DNA hybrids. Metal-binding residues are shown as cyan sticks on the RIDC3 surface. (b) Potential self-assembly outcomes for the RIDC3--DNA hybrids.](oc-2018-00745r_0001){#fig1}

^C21^RIDC3 was quantitatively modified with complementary, nonslipping 10 bp DNA strands (10a and 10b; *T*~m,pred~ ≈ 7 °C) to generate two hybrids, RIDC3--10a and RIDC3--10b ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00745/suppl_file/oc8b00745_si_001.pdf)). As depicted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, RIDC3--10a and RIDC3--10b are essentially diblock copolymers ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a) with two domains whose self-assembly can be modulated by distinct stimuli and design parameters: DNA components primarily by oligonucleotide sequence and temperature, and protein components primarily by Zn^2+^ concentration and pH (to control the protonation of metal-coordinating residues). Given the proclivity of the RIDC3 components to form 2D layers,^[@ref12],[@ref33]^ we envisioned that there would be multiple potential outcomes for self-assembly based on the interplay of DNA- and protein-mediated interactions, including crystalline bilayers, lamellar assemblies, DNA-stapled monolayered arrays, and disordered aggregates ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). To investigate the formation of ordered assemblies, we screened a variety of conditions (temperature, pH, absolute metal and protein concentrations, metal:protein molar ratios) using equimolar RIDC3--10a and RIDC3--10b ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00745/suppl_file/oc8b00745_si_001.pdf)). Ordered protein--DNA conjugate arrays (thin, μm-sized crystals) were observed only in a very narrow window of conditions: pH ranging from 4.75 to 5, temperatures of 4--10 °C, and a molar ratio of \[Zn^2+^\]:\[total protein--DNA chimeras\] between 2 and 10 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). Alternative conditions lying outside these windows typically gave rise to small (\<100 nm in dimensions) clusters of disordered aggregates which did not scatter visible light ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). Solutions lacking either chimera or Zn^2+^ did not yield any self-assembly products. Likewise, addition of the metal chelator ethylenediaminetetraacetic acid (EDTA) to suspensions of the RIDC3--10a/b crystals or their incubation at \>40 °C immediately led to the dissolution of the crystals ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00745/suppl_file/oc8b00745_si_001.pdf)), implicating the involvement of both Zn^2+^- and DNA-mediated interactions in self-assembly. A Job's analysis indicated that lattice formation was maximized at equal concentrations of RIDC3--10a and RIDC3--10b, as calculated by a quantitative analysis of protein incorporation into lattices ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00745/suppl_file/oc8b00745_si_001.pdf)). RIDC3--10a/b lattices became intensely fluorescent upon treatment with a cyanine dye that specifically binds dsDNA, providing strong evidence that dsDNA is an integral component of the architecture ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c, [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00745/suppl_file/oc8b00745_si_001.pdf)).

![Initial characterization of self-assembled RIDC3--10a/b lattices. (a) TEM characterization of RIDC3--10a/b self-assembly under different conditions. (b) UV--Vis characterization of RIDC3--10a/b self-assembly under conditions shown in part a. Scattering of UV--Vis light is only observed for condition 4, indicating the formation of μm-scale structures. (c) Confocal microscopy images of RIDC3--10a/b crystals upon intercalation by SYBR Green. Scale bars in parts a and c are 5 and 10 μm, respectively.](oc-2018-00745r_0002){#fig2}

Zn- and DNA-co-mediated self-assembly behavior of RIDC3--10a/b differs substantially from the Zn-mediated self-assembly of unmodified RIDC3, which yields crystalline arrays in a wide range of conditions, including pH values ranging from 5 to 8.5, temperatures ranging from 4 to 25 °C, and Zn:protein molar ratios between 2 and 100.^[@ref12]^ Whereas unmodified RIDC3 crystals took at least a day to emerge and a week to fully mature,^[@ref12]^ RIDC3--10a/b crystals formed quite rapidly with ordered assemblies appearing within 10 min and growing to μm dimensions within 4 h ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). Negative-stain TEM (ns-TEM) measurements of RIDC3--10a/b lattices revealed a *pgg* plane group symmetry with unit cell parameters *a* = 60 Å, *b* = 59 Å, α = 90° in contrast to the *pg* symmetric RIDC3 crystals with *a* = 37 Å, *b* = 137 Å, α = 90° ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00745/suppl_file/oc8b00745_si_001.pdf)).^[@ref12]^ Taken together, these observations pointed to a fundamental alteration and increased chemical stringency in RIDC3 self-assembly through the inclusion of DNA interactions, and a new underlying molecular structure.

![Characterization of the crystalline RIDC3--10a/b architecture. (a) Time-dependence of RIDC3--10a/b self-assembly as monitored by ns-TEM. Computed FFTs are shown as insets. (b) SEM micrograph of an RIDC3--10a/b crystal. Inset: magnification of boxed region to highlight the stacking of individual layers. Scale bars: 2 μm (image) and 500 nm (inset). (c) AFM image and height profile of two RIDC3--10a/b layers. Scale bar: 500 nm. (d) Time-dependent SAXS profiles of RIDC3--10a/b self-assembly. Miller indices are shown above the Bragg peaks. (e) Reconstructed 2D cryo-EM map (top) and computed FFT (bottom) of the RIDC3--10a/b architecture.](oc-2018-00745r_0003){#fig3}

Structural Characterization of RIDC3--10a/b Lattices {#sec2.2}
----------------------------------------------------

Scanning electron microscopy (SEM) and atomic force microscopy (AFM) images of RIDC3--10a/b crystals showed that they consisted of ∼4 nm thick 2D layers that stacked up to a height of ca. 100 nm in 3D ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b,c; [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00745/suppl_file/oc8b00745_si_001.pdf)). The small size and volume of the crystals led to weak X-ray diffraction, precluding 3D structure determination by crystallography. Nevertheless, small-angle X-ray scattering (SAXS) measurements on suspensions of RIDC3--10a/b crystals allowed us to determine the 3D symmetry and unit cell dimensions (*P*2~1~2~1~2; *a* = 62.9 Å, *b* = 57.2 Å, *c* = 45.7 Å) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d). These parameters are notable in several regards. First, the *a* and *b* dimensions are in close agreement with those deduced from ns-TEM analysis, and the *c* dimension matches the step height (∼4 nm) observed in AFM experiments, confirming that RIDC3--10a/b crystals consist of discrete 2D molecular layers that stack up in 3D. Second, the *P*2~1~2~1~2 symmetry of the 3D unit cell is entirely consistent with the *pgg* symmetry obtained from 2D TEM analysis of the crystals, whereby the 2~1~ screw axes along *a*- and *b*-dimensions (i.e., the *xy*-plane) translate into two perpendicular glide planes in a 2D projection. Importantly, the lack of a screw axis along the *c*-dimension (i.e., the *z*-direction) indicates that the 2D RIDC3--10a/b molecular layers are in perfect alignment and are not rotated with respect to one another along the *c*-axis. It thus follows that 2D TEM projection maps of RIDC3--10a/b crystals (aligned flatly on the grids) should correspond to the electron densities of individual 2D molecular layers.

Using first the ns-TEM images, we obtained 15 Å resolution projection maps that displayed an arrangement of continuous interconnected chains quite distinct from those of the Zn-mediated crystals of unmodified RIDC3 ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00745/suppl_file/oc8b00745_si_001.pdf)). Next, we turned to cryogenic electron microscopy (cryo-EM) measurements, which yielded ∼6 Å resolution images of RIDC3--10a/b lattices in a hydrated state ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e), with unit cell parameters (*a* = 63 Å, *b* = 57 Å, α = 90°) that closely approximate SAXS-determined values. Importantly, the cryo-EM projection maps were sufficiently detailed to allow us to build a plausible 3D structural model in combination with crystallographic constraints, the chemical knowledge of the system in hand, and molecular dynamics (MD) simulations, as described below.

Construction of a 3D Structural Model for RIDC3--10a/b Lattices {#sec2.3}
---------------------------------------------------------------

To assess the molecular arrangement of proteins and DNA in the 2D crystals, we developed a workflow that enabled us to compare potential molecular orientations to the experimental 2D reconstruction map and generate model candidates ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). We first focused on the basic repeat units of the lattice, which are dimers of L-shaped densities related to each other by the crystallographic 2-fold rotation axis normal to the 2D plane (i.e., the *z*-axis). Since the individual protein molecules do not have any internal symmetry, they cannot be placed on the symmetry axis, restricting each of the L-shaped halves to contain one or two protein units. Two-dimensional projected dimensions of the L-shaped densities (23 × 24 Å) can only accommodate a single four-helix bundle unit where the long axis of the protein is oriented approximately perpendicular to the 2D plane and therefore roughly parallel with the 2-fold symmetry axis; this establishes that each dimeric unit contains two protein molecules that are parallel---and not antiparallel---to one another ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00745/suppl_file/oc8b00745_si_001.pdf)). The glide reflections inherent in *pgg* symmetry further dictate that the neighboring dimeric units must be oriented in opposite directions to each other with respect to the *z*-axis, dictating an antiparallel arrangement of protein molecules across the interdimer interface.

![Structural modeling of the RIDC3--10a/b architecture. (a) Workflow detailing the generation of a 3D structural model of RIDC3--10a/b lattices. (b) MD-minimized model and cartoon illustration of a single 2D RIDC3--10a/b layer. (c) MD-minimized model and cartoon illustration showing the 3D stacking of two RIDC3--10a/b layers.](oc-2018-00745r_0004){#fig4}

Given this protein arrangement, the position of the DNA-anchoring Cys21 residues on each protein monomer, and the dimensions of the dimeric unit (37 Å across one diagonal and 55 Å across the other), we can conclude that (a) 10 bp dsDNA components (with approximate dimensions of 34 Å × 24 Å) must lie above and below the 2D lattice plane, and (b) their "projected" 2-fold rotational symmetry axis must coincide with the crystallographic 2-fold rotation axis, suggesting that the dsDNA strands must be oriented parallel to the 2D plane ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00745/suppl_file/oc8b00745_si_001.pdf)). With these constraints placed on each dimeric building block (which contains protein A, protein B, and an associated dsDNA), we generated \>50 000 unique model structures, in which the protein A, protein B, and the dsDNA units were rotated and translated with respect to one another in *x*-, *y*-, and *z*-directions ([Figure S9a,b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00745/suppl_file/oc8b00745_si_001.pdf)). *Pgg* symmetry was further applied to generate a 2D lattice arrangement of the dimeric building blocks and to calculate a 2D projection map for each structural model ([Figure S9c](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00745/suppl_file/oc8b00745_si_001.pdf)). These model electron densities were then examined to match features present in the experimentally measured maps. In particular, we noted that the projected map of a dsDNA unit lying parallel to the 2D crystal plane would give rise to a characteristic pattern with two parallel lines of electron density that overlays well with the long edges of the L-shapes within the dimer ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00745/suppl_file/oc8b00745_si_001.pdf)). Further, informed by previous experiments that established the necessity of Zn^2+^ coordination for protein--protein interactions,^[@ref10],[@ref12],[@ref34]^ we parsed the structural models for protein orientations that placed potential metal-binding residues in close proximity (side chain distances \<5 Å).

This procedure yielded four candidates whose calculated projection maps captured the salient features of the experimentally determined map and which provided a set of plausible metal- and DNA-mediated protein--protein interactions to produce a continuously connected 2D lattice ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00745/suppl_file/oc8b00745_si_001.pdf)). A set of metal coordination motifs consisting of the following residues were identified in the models ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00745/suppl_file/oc8b00745_si_001.pdf)): Glu8--Asp12--His63 (Models 1 and 2), Glu18--Glu92 (Model 1), Glu27--Glu31 (Model 2), Asp60--His63 (Model 3), and His73--His77 (Model 4). To identify which of these motifs were required for self-assembly, a series of point mutations were generated to change residues of interest to alanine (Ala), thereby abolishing metal binding ([Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00745/suppl_file/oc8b00745_si_001.pdf)). After two rounds of mutations, we established Model 2 as the only system that fulfills all chemical and crystallographic requirements, while also yielding a computed 2D projection map that most closely approximates the experimental map. This 2D arrangement fits the experimentally determined cryo-EM and SAXS lattice constraints in *a* and *b*, so *z*-directional stacking (as determined by SAXS measurements) was applied to complete the model. The final 3D model was subject to MD minimization and equilibration to assess the existence of specific protein--protein and/or protein--DNA interactions.

The RIDC3--10a/b architecture consists of dimeric modules of RIDC3--10a and RIDC3--10b, linked to one another through dsDNA and a four-coordinate Zn-binding motif comprising two Glu27--Glu31 pairs ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b; Supporting Information, [Movie S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00745/suppl_file/oc8b00745_si_002.avi)). Each of these dimeric, chevron-shaped modules are connected to four neighboring modules (in an antiparallel fashion) through a tridentate Zn coordination motif consisting of Glu8, Asp12, and His63 side chains. This generates a 2D plane of proteins interconnected by Zn coordination with dsDNA "staples" above and below the plane, giving rise to a corrugated 2D sheet ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). The metal content of the RIDC3--10a/b lattice was determined by using the fluorescent indicator 4-(2-pyridylazo)resorcinol (PAR), a strong Zn chelator. The measured value of ∼1.25 tightly bound Zn ions per protein monomer closely approximates the ratio of 1.5 expected from the structure. The corrugated arrangement allows the stacking of 2D sheets in register along the *z*-direction to yield *P*2~1~2~1~2 symmetry and an interplanar spacing of ∼47 Å as determined by SAXS measurements. At this spacing, the dsDNA components of each sheet wedge into the open protein--protein interfaces of the neighboring sheets and form close non-covalent contacts with the protein surfaces ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). Thus, a fully integrated, 3D structural network is created through the synergy of DNA-, protein-, and metal-mediated interactions.

This synergy is manifested in the temperature-dependent behavior of RIDC3--10a/b lattices. Although temperatures less than 10 °C were required to initiate self-assembly (in accord with the predicted *T*~m~ ≈ 7 °C of the 10a/10b duplex), once the lattices were formed, they maintained their crystallinity until ∼35 °C, at which point they rapidly disintegrated in a highly cooperative transition typical of the melting behavior of dsDNA ([Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00745/suppl_file/oc8b00745_si_001.pdf)). Upon recooling of the solution and incubation at \<10 °C, RIDC3--10a/b lattices reformed. However, if excess (\>8 molar equiv) single-stranded 10a or 10b was added as a competitor to the self-assembly mixture during recooling, no lattices were observed, confirming the involvement of DNA hybridization in RIDC3--10a/b lattice formation ([Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00745/suppl_file/oc8b00745_si_001.pdf)).

Computational Analysis of Protein--DNA Interactions within the RIDC3--10a/b Architecture {#sec2.4}
----------------------------------------------------------------------------------------

The preponderance of acidic residues participating in Zn^2+^ coordination is consistent with the low pH (4.75) required for the self-assembly of RIDC3--10a/b and distinct from the Zn-mediated self-assembly of unmodified RIDC3, which invariably involved Zn coordination to surface His residues (H63, H73, H77; [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a) at higher pHs.^[@ref12]^ In addition, an inspection of the protein surfaces that form interplanar contacts with the negatively charged dsDNA units indicates that they are also predominantly negatively charged at neutral pH ([Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00745/suppl_file/oc8b00745_si_001.pdf)). Therefore, the 3D stacking of RIDC3--10a/b layers can only be stabilized at acidic pH upon mitigation of the protein negative charge and activation of specific protein--DNA interactions, as corroborated by MD calculations ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Simulations of a minimal bilayer crystal containing 10 dimeric units (i.e., two stacked sheets, each containing 5 dimers) revealed an intricate network of interactions arising from the protonation of surface-exposed Glu residues at pH 4.75, increasing contact with the DNA backbone both directly through H-bonding and indirectly by the release of basic residues from intraprotein salt bridges ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). Interactions **1** and **2**, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a, highlight some direct consequences of side chain protonation at low pH, resulting in a severe reduction in interaction strength at pH 7.0 by favoring intraprotein salt bridging (Lys95--Glu18) and charge repulsion (Glu4--DNA), respectively. Common to both pH values is interaction network **3**, in which the protonated N-terminus of the protein associates with the DNA backbone, and Lys42/Arg62 provide redundant contacts to ensure a basal level of interaction; pH 7.0 most frequently exhibits singular Arg62--DNA interactions in place of the multivalent network observed at pH 4.75. This pattern is reflected in a nearly 2-fold increase in the number of total protein--DNA contacts at low pH ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b). MD simulations further showed that dimeric RIDC3--10a/b units could only maintain their structural integrity when placed in the context of the lattice and were not stable in isolation, as made evident by a ca. 20% increase in DNA base-pairing relative to a free dimer ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c, [Figure S16](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00745/suppl_file/oc8b00745_si_001.pdf)). Notably, a superior approximation to the experimental cryo-EM map, relative to static models, was obtained from an averaged calculated 2D projection from the production trajectory ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d).

![Molecular dynamics simulations of the RIDC3--10a/b lattice and comparison of calculated and experimental 2D projection maps. (a) pH-dependent protein--DNA interactions at pH 4.75 and 7.0 promoting 3D stacking. Percentages listed underneath each box indicate the relative occupancy (per RIDC3 monomer) of the depicted interactions during 10 ns of sampling at equilibrium for both pH 4.75 and pH 7.0. (b) Total protein--DNA interactions for a single dimer in the crystal bilayer plotted over 10 ns of simulation. (c) Fraction of satisfied base-pair interactions over time for an isolated (black trace) or RIDC3-conjugated (colored traces) 10a/10b duplex. (d) Calculated projection maps for RIDC3--10a/b Model 2 before (left) and after (center) adjustment to account for SAXS constraints, and from equilibrium MD simulations (right). (e) Experimental cryo-EM density map for the RIDC3--10a/b lattice.](oc-2018-00745r_0005){#fig5}

Effect of DNA Length and Sequence on RIDC3--DNA Self-Assembly {#sec2.5}
-------------------------------------------------------------

When equimolar RIDC3--10a and RIDC3--10b were incubated at 4 °C and pH 4.75, we only observed monomeric species in solution and no evidence of a stable dimer ([Figure S17](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00745/suppl_file/oc8b00745_si_001.pdf)), showing that 10 bp DNA hybridization alone is not sufficiently strong to maintain a stable protein dimer. These findings again illustrate that the formation of the 3D structural network of RIDC3--10a/b lattices requires the cooperativity of three different types of interactions (metal-mediated protein--protein, DNA hybridization, protein--DNA). While the orthogonality of these interactions affords self-assembly with high chemical specificity (i.e., in a very narrow window of conditions), their individual weakness allows for the reversibility and structural fluidity that is needed for the observed rapid assembly kinetics.

Finally, we investigated whether the hybrid lattices can accommodate variations in the DNA components to modulate self-assembly. To this end, we prepared four additional pairs of complementary RIDC3--DNA chimeras: one pair (RIDC3--10c and RIDC3--10d) which differs from the 10a and 10b chimeras in the order of DNA sequences, and three pairs (8a--8b, 12a--12b, and 15a--15b) which differ in both sequence and length ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a). As anticipated, RIDC3--10c and RIDC3--10d formed Zn-mediated crystalline arrays when paired with one another, but not when paired with RIDC3--10a or RIDC3--10b ([Figure S18](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00745/suppl_file/oc8b00745_si_001.pdf)). RIDC3--12a/RIDC3--12b also formed crystalline arrays under the same solution conditions, but now at temperatures up to 25 °C, consistent with the higher *T*~m,pred~ (∼25 °C) of the 12a/12b duplex ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b,c). The experimentally determined lattice parameters of RIDC3--10c/d and RIDC3--12a/b crystals were slightly different than those of the RIDC3--10a/b crystals, but a comparison of the 2D electron density projection maps of the two lattices showed a nearly identical connectivity pattern ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b). This observation is consistent with the invariance of the Zn-mediated protein--protein interactions in the 2D plane and the ability of this lattice arrangement to accommodate a small elongation of the DNA staples afforded by the flexibility of the linkers between the protein and the DNA components ([Figure S19](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00745/suppl_file/oc8b00745_si_001.pdf)). In contrast, we could not identify any experimental conditions under which the RIDC3--8a/8b (*T*~m,pred~ \< 6.3 °C) and RIDC3--15a/15b (*T*~m,pred~ \> 40 °C) pairs formed ordered assemblies. This is likely not only due to the steric incompatibility of very short (8 base pairs) or very long (15 base pairs) DNA staples with the lattice, but also due to significant alterations in the delicate energetic balance between DNA hybridization and Zn-mediated protein interactions necessary for crystalline self-assembly.

![Characterization of various RIDC3--DNA constructs evaluated for self-assembly. (a) Tabulated parameters for all RIDC3--DNA conjugates. The predicted *T*~m~ of each duplex was calculated using OligoAnalyzer 3.1. (b) Representative ns-TEM micrograph and approximately 15 Å resolution 2D projection maps of RIDC3--10a/b, 10c/d, 12a/b. Similar features in projection maps are boxed in cyan. (c) SYBR-Green-incubated RIDC3--12a/b crystals brightly fluoresce, as seen in a fluorescence channel image and DIC (bright-field) image, indicating the presence of dsDNA. Scale bars for parts b and c are 5 and 10 μm, respectively.](oc-2018-00745r_0006){#fig6}

Conclusion {#sec3}
==========

The functioning of a cell hinges upon the self-assembly of and communication between complex biopolymers in a crowded environment. The extremely high fidelity of these processes, in turn, necessitates a sophisticated chemical language that emerges from various combinations of biologically available non-covalent interactions. Along these lines, we have presented here a synthetic nucleoprotein assembly that combines three prominent classes of intermolecular interactions (Watson--Crick base pairing, DNA--protein interactions, protein--metal coordination) to self-assemble with high structural order and specificity in a manner that is reminiscent of natural nucleoproteins like the ribosome. While the modular nature of such multicomponent systems should offer distinct advantages in the construction of structurally tunable materials, the intricate architecture of the RIDC3--DNA assembly also highlights the opportunities and challenges inherent in designing artificial nucleoprotein complexes that arise from the distinct structural and chemical properties of proteins and NAs.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acscentsci.8b00745](http://pubs.acs.org/doi/abs/10.1021/acscentsci.8b00745).Additional experimental details and figures including FPLC chromatograms, ESI-MS spectra, TEM images, maximal monomer incorporation, absorbance measurements, fluorescent dye intercalation, SEM images, AFM images, structural models, SAXS profiles, electrostatic maps, sedimentation velocity profiles, and molecular weight distributions ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00745/suppl_file/oc8b00745_si_001.pdf))Movie S1: detailed views of the RIDC3--10a/b lattice from multiple angles, highlighting the metal-binding sites and 3D stacking ([AVI](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00745/suppl_file/oc8b00745_si_002.avi))
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